“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1998-06-01 


Comparison of LIDAR and Mini-Rawin Sonde profiles 


Harrison, Daniel Edward 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/8121 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist Ser Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ies) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 























































































































































































































» 
Ae 
Des 
' : errr in 
Pa or ms ere 
aie fo ‘ re 
om, NPS ARCHIVE MONE 
a i 4 
at d A ia oh be) Chat haga osc 
aye ; H : ae a oR wt (4 7 Ste ror ee rr} At aa ry ay prey 
em } yor mi aH rr eee eee se Wipe by rey et Yared ee et ene ots 
ae 06 wee yi OR, Ls kA a Cea , a vu wyhein A aN ma peter wise ys 
E 3 A 
oe - rn a) ye Ms re ¥ rt Py ena Baa eter a etree ite Si 
_ Pana te FRU aaa haart eee ane Sate eines eee eS 
be a ‘ fy wy 
b n re } era a Prey teary Soeeeaugeee a o-oe Ce wir 
ats r 9 4 Uwe oli Pett hen Orig teste a ed Beier He/staharohe 
s e omy ue 0 i) y Are Ae a Ll Oi] anh Pee Putte ety 
be a ea] a ‘ye 0 en art Pa me oy am Sides! Vo orftinVebetebed 4; ees oan oie ne 
. fi eG i wre he H 4 Patera « eagle: 
> of vig bp bs oF 
5 bs DP a em dates oly. rire cut) Puy ie i hs th on fe rt} RAITT : rao Bt ier Dekh og Aden at ok Lal 
Cd | tq bead 1 aptadis ri A V « , I tag end rain Oper ry eal Ed pereoritaatce serpetin giana teed 
' Se a | 0 i Ee ee er) i? i oe ee A f 7 tA ? ae $ pa o roe pe rot re ee Y ae 
A ere WOOL A? arte xy : ‘ h 4 3 2) pry arin : st alo Fae re Te ity ey Py pre rs 
a Le ht ee | ia. a a “ 0 iM ¢ ; 4 ft +4 ih) tot du “ft . fast ed Pele er’ pict Tere cd ee AN erates 
y if it eine eae Peas d de teat t-te bathe aden s 
Se Po meee 2 ey Br ey FoR De é 4 it . a Va ogee poe ty A Sens 
Re TS OR OTT F a ‘ ; ‘ : eer rin ; oa er ae aye orient a Rete Ae 
oo, ye Lp > ech “5 tr Pa eT ey Me Se oe oe . Bi ree) . 5 i i r rT ated hi Pe ey ee 2) ees rey 
rn ry at aah YT TREC RCSN ELT TPE ai? : hy Teo i KF} we a Sy gictee, Pr Ret a PPR ror Ak re Cr ; 
Le a ie ‘6 UT 1 Web SPrvargo F Hl , OH ch Sher re wry Faas, 
ae b ; Pika ea} ; 5 Palsy: i rat hes ei bas TSP e ee st beat i (aks on Lan et ers Ven beeieek cn 
- . 7 7 vit 4 lie ov) ‘ie iF Fy ai xd hl 
f rT? | aden’ : os pt ps ee fh 
oe” ane se ayy Cobol lead a doe 
4 ee Prato or 
- bi K : 
A 1 abog ; eh FEN | Bart eee $y ‘ sy ar : parvo tet fryer 
Ar rr rn Te ee) ts ave aay Hs 4 ae Re even oo 8 rr peer re Co reeks teen Sey ha'bel Lepedterere org 
ny ind Lar Madlstes 
et CL A beter f OS POy Por er ee Cr, Lee ayty dy a ry eo ry ent 7 aisheeaess ‘ $4 Ander gs a w ' ria Dd eel te os enh dadeat Ep dmamare teed 
iD is Ss a eh - Ais | aNb | det ot ge Age do? i f a ory ed by Ped ah el ad te Pee teed) 
i r oe) ia aD Ps fe PY oe . fi t i YT Lh dy Scio te eee cal a J be B Apes Rot errs trees > ee tet fn pe Sed : 
bs U p La bat te ade H +: Ly y Nh HOUT BAM? Ce eee tetra Pe ee ee 
i Fee Aer ye 4 Ces ooh 5 ry s Hy ‘ 4, a ST yi La a I ferns SD eters te rag A rs 
a Crs ey tt : he et Wes Pe Py | ¥) A Le, ft Par) Wea tak gt, pick Bod ba dtn tend sectesshate Bs Cr 
ea CR Uy Re eyes Pree) oS Pts b er iat TES 5 p 
mat) a , 5 i en bpp a 
e i D ar Park 
CD es rn eet y UL Or ie ated > c 
‘ tw he i ae | Pete er) vera rat | 
teh the Ruan in aoe ey Ce eT Oy hk SaaS) rh 
7 Cre et) er ee 2 eCReRT ee Pe See wer Tey Yet CPA | +F Part mah ry 
% a) are ee pe teay # ach ne ee o 8 8 Tt pegeg tye Py en aR Thy By Pen cea Te re > rt errr rh ‘ 4 Dr aah teh] 
H TON rn Oe ee ae eye a Ere / wren as Or h Ts ee try eta | Bis Ceara 
ttptoltes « ert a Prt e i . i Sar Yaar 5 ; cry, oe hi ar 
gir a8 NRA Tee MDGS i" Pern ere ry orn ! Lf $4 9 tHe dy t n AO add 
Ly eA Us Ke pe ea) i EY A i ° 
ee ee | Pe ns cm me Ler ae Pre Hai 
oY au leg ogtatgs Eevte aide daatn F 
. Fa ry Th ee ht ok er or te ee oe rh eer are eee Td r mn) ar hy 
ie a Pee a 8 Scere prose! He Pris i p Shahn Galan te die 6% 0 a fe bel “oe, inne, 
Oy ae ‘ Sern ss 8 gt pt ie oe re rae : ay ee Got Jone Le Ps On we Ri , f i re ; Pie pokes: ars me pr 
‘ baal os Pr oe eT Be ra Soy hl u a em ee) Ses at | har abe A ror 7 apie Sete o | ach tiediy meine 
Le ih Roa ae ee Dal ie A Pee tal arserata diy heat’ te é , . f le’ iy Se, L oie hed aa aL 5 ul . a rt b y Se ch tty ees ed 
wr) f a Per he reer er, eT oor nr a) ; O a od a i 
Oo eect Mi an ts Late”) a bale 3 vA 6 rY i 4 Hi Ee ol ge 
oT rte} ear ‘ ir f os] ot ry * 2 4 el Pt er ir ote y ee 
rr Ui ry , rexvi ly Pr oy : Serre: ; F a arr Foy ern eee 3 ; Dee a kth ad 
es A eT) n NU he 1 ao Ae ba gee habe) , tiers ¥, on ; ry TT bee ‘ . - <1 hares 
i tk : Z a nee Y ; “a in Ae ht Br Bh eae) ef tH ; , Ka Se 
A DO a) a Mie! Owe ‘oe eT 
s] ae et Ywiens ts) Ree eet hr Ue ke eat esas ee 
° ra Oa) Ce ec eee rh eu Hheted Pat Fue ne E Ht ae ores ent ik oar 
reer ee rent) > art eee Saar a Par oe ah rt cry) fF ar i P oer 7 a} a z ct Be det ee te de oe td 
pe er re rel Tih) eee ee ce Te | hy tee cra Yi Tard > f i ) é Se Pos 
g Cnet Creat Cree aw eH Nek 
ke ery Pt Lenya) re ay) , F % ’ ’ iY , Park Ri f rd inact hee 
Q Talhibi eee me Pha La ain | S ; " i ; maar 5 ‘ “ede 
‘ ‘ Lee be Ly bf UM tL 
i «¢ hy ~ ‘ " 
LU rae aT Ty 
oe hd he ba re a Lae) Port 
" Orn ete ey he Pi de tehae aati an Ge , Fe athe : re LTE 
, rv Oe toe | 8h 8 aed St Pr? erat) F 5 vs Ts isd ‘gtsl as 
Ue. Titi rk i Ter teeters , 
hd hi ra ® eS Prue Re 
“ ave ae bok rs ea a 
‘ SO eee 1 F 1 Fr «+ J c g « 
; . , Me ad er Se YEE . F ea Ay ih Tih 2 . . i ete ¢ eee Pa d Pree a oe 
* q dus ar) Pry, a Tees ae ee ee] arg ru ern e i} wat) aj é " et Ie ed teye a 
oa A fa if] 08 at yea nts ly TREO alt engapigly alakad: rod 
I ae Tera te a aD nt my Mey ta ee STE Segre Ok Sey ree 
«* i! -é or ‘ ‘ iy ed ah Bogi®iite Ht Fe rn rs ‘ L Paris ieee a Le DN 
r re Paras | erm} deed wyhottae TMLee Peer rec th Hs AOU ethic 
Mw est to {te Cr an Fr} ? 5 oe SP ee Pa er 4 rir Pa 
; ern | 1 eo edt ot a ott ght rp yy are Pe ha eee hear Cryer ator! 
i re | yee a eT) ghee rabeg peeked ah eee res sr he Be be Peta! 
Ph ‘ “a Pee te Cr + Te hi fia of Urrwoe ‘ + haa Ho ia oF] 
i 4 he ra a * . . ‘¢ ef PS 5 
s LL ys Pe ‘ ' | . aot ie 
5 Ny * . * = a Se ny H Ph. 0uty a hyd ‘s 3 
ds ome | eer o4e TT le ome ae oe Pe td he Pe Mo ty a d "y8p pele LE , 
~ 7 f he e aT ee i ee ere mit 1 cD i ro i Hao fht qua une ry Che ls re OF 
ny > ' ' re toayt gsas wer ter a ‘Trey an rla Qausbarctes i Tgbat vean asd ren ry Pay rr Bats ay EY rheirhs STN 
fe sa 14a: ‘ ' * & " le Te ANSE: Carrey Lye CORY ot beatae 8 LP Pra Ths Fe oi 
rh ‘ b aks my Tr RTA tee eas | hr in fe r'shbs Soe 
. bs Cet Babs eee 





ir el 












Ls eehy port 






rer hee | ith 
* ne Jeid tail RESP 


re ea cay Ba 
Py co wrt ATs | 
, re 












ei te é'ae % 












F ata aS Ly ete Tak eee ak Fore ay : 
rer . RTs ke i TP hse rs 
TE Sts mrs is rts jie? ar Jose 8P Kita 
SATE sae wae 3 dae ‘AX 







otitelseg *f de Sarttr? 
PETRI ET bas Cite oc 
@ adh sassdshen 





Ke 











eres 

















Pry iy 
PsP tpehgeae ees ity is J 4 
Saetats gt tary had ; o ‘ Y : 

+e { ra | pat er , wi Dek - ; b ; ‘ ; ake ith ae 
a hey PRES OF bts be : he ; : Le t J P FT 







Ay iets Ss 
Pvatitetatetn 












a os 4! P) ts 
"Et Ye” TD ri] ‘y Pe hs ‘ i B PP ery teddies Ye Pinan Jae eae ha 
ary ataterity se “a rhe he | WO EAN eee tte! bee be s % a> pp Cree raseg or “ite 
Ten ee Pe Pir ties ok Wek nd 5 ree y = tat Nar wea oe 
vi tie Bod rey Lea , bed y pe ttt AP bet ah eek 
Parr Aah Ptr i) A i Rd Be we 
Paar) L encey *, 


















a 
« 





















~ © seg rary ity, ae ee ray “i a See 
4 a4 ‘ Se ' ed Te it he | ey 
. eeat , tee Vee . Chee ak \ eS. eo . aE t74e) Lied A Fak | ithe faa: 
peepin ‘es 0 ; “at at oOsf reokory ot ae % Far Pires 457 g det eke} L chy +t Ni be kite at in ie : ‘er rrat re fe roms _ 
i nr) ont ee FPL mery)) Wee iT ed Gy rp tare By cee ve Se e ak he H eee SAT et el Ch bam be ee tal eed bat ee a dt oe ea 
ry ' a 4 hry ete ee tee Te Y cr oye BEM Er hte r ha 5 et M es ty es Sar he be he Me the oe sek ) ek ee SO eee a a: 
eae Te ee One CT eT eae a | aT ae irae timely.) a bes es r ia ‘ he {4 4°6 ary peatgrata i dae ane be 0 By a She Mp fh 
nT a My it OORT tee , 7 a : e me $i pied a Sigs bE ee Some | amqesre bat 
grid He F S 


Lae Se dd oedema Shel ape a) 






























































































































Saf ; thes ar c eee Le ei ° , a i Ale ela ty eh ee Be ge NS Ia he te te a De 
e! nh i oP he ea | Peer er o re gher lary wiry 3 5 Utse oo q iad Li ry 3 eo ATT PP a i ie a: PP ae Pe Ry dey ed br 
METS SOE a Fs a Byte? Pi ars ; th ae Bye ty Nha Deh ee eh 
ea EE Pte eT ti Be ; ae Tae een ana on iC ae H LANES ate Mt xo ie: 
[her an) rik 7 ah y ay 7 Tih? r r SO i ty UJ Fd 2 e' 4 
Cre ny onl eas ; SO ee a i hs J a a hi Pn me pa ria sh Re eee pa Sk oe re ee ra hm, Sy tty 3 
Pr aera BOTT OL RPL RPP Rs j pteketats es etyats F, COT OL on ts en: ree ah my is Se elaseede Hil bhp hao Ue ee bi 
aL ee er Le eae ey oie Pt tia 5 E ees Heth ¢ Senter amet a A Pb ms ? be Be Te eb fe nha 9b fale hE 
l Cope ote Hrptetyty yg pfeieta ate omnete “eo hp ih igh . PLT Loe he ih kb Sati at othe np het Fa 
Oe sho TG ge% AR ee ee BS i ie Sn ee anes bg beth te hae 5 of 
Z} 1 Oks Pet , 4 PUR oT. ct ee Me) IY f ip Jen anim ie be ts ey ale 
aa “4s 3 of Meh kak) eee Oe 1 | A ef oO Ii ba ienttp bt Se tamed the ad 
4 ae rohan! rer Rok e yh foytyrates tg" Baie et anther Bs Belardes at 2 ie rs . wr grdlyrg eit ae Hs D ee phi 
CS eae ed 1 YR erat a ] x ] ; ; rd LY x 4 ; Sa 5 bee fat be dd 
t analy tet a ie elie nat a ey ‘BEB fale ae | : ; f ea 3 a 5 i b] erates j latch Ae an 3 poet eetien ke be i fe Le te ie et ot Se 
we) yond pede peed SOIT but rack ye C t ot ae er gh ‘ 7 Chie U oe ia ie ier 2 bal mete er oe 
ee) CO ere DAC) LP ty med) ee hg aT Me I : Cha TTD i 3 hu heh d Eh oe pe ade oa OL aye pieces reas 
ppb. fle a eee ee 4 ae Boy ef Cried aN oy ih Ne atg 1404 By Ps ot 
of Bae Hj F te ty o ¢ { ; hed ke i a A er Fat Med 0h 4k Rik bc hcl be tahoe oe bs ho hg | a 
Py ee base E : ete ee ee Oe arene Pera Seed ae ers riteotte tet] Sapa bale bas a beh CA bid nn tk 2 
Shr LAL ean - Harari Fh 4 5 iweb i Fy . U rank Gemeente oh bebe ta phe taeh toads rey Satoh an ee 
1% ’ SE | ¢ Ar eae Pr bet i 3 5 ie % q | fy Ba oe x ed ase, bh heated Id a S08. Ag regte fisere das os eg 5 pa Savery seeptytas! te Gsy-0 wt gna eeyienes 
Bote. cede par ee ofeptee, 7 TAL <4 is tl { R’ . 5 Llhe bode Le he he | \ bith fed el Bak de ee a Rhy mS sae tata Set Seach In Dah ese Et 
Pa Sal Ce i ee ie ee) H rare 3 : 7 r y ie r q oP oC a | vy tk a el bs er eee co tare | * 7 nes Spade rtp Eien, bt lek) tet at aol cat eh od 
A gosh Bei dF Oye ‘ Ui F 7 NS) ad yoy ; b Gs Bay wea fe SME Ds le F. ie Oe t at fee yen A Monethn an earth 
, ¢ 4 A 3 dl eta! t E Loa en 4 bik be e Cis rs ae bar ed 
ae ah j te elemte: Py tp het Pip Ht a , Ora Fak Rie i h q) yd ror Dine st 4 3008 4 SE hes got ie Hie oS 
erie tr) ; ; L ; AS Faye the] PMT erie ai Ie | : BUR) Ee ieee teat! ate nego pa Aa Se ane ewes 
ATR Ty a : i itary rey HG » (7 bid +S 2@' ah San tet * ™~ aati Rite ats eau eeh 
Trae Isa ¢ vars e hd 7) oa Fey 94) Krad its. ee aE i bide Daal 
is ee dF ‘g 4 4 y | dl be Cerra a chy * 3 : et Yh ee Oe Che Lt he Pad ee Ghiaient tema bors 
ey | ee eT alt PT 4 ae fe ‘ r Me ES atte Mfg oh hein ie wit p) Pe eit a Spt arg Drees aie Ei itd pid tition be pak-biees 
HiT at es . Tee P . PS ote ro PE ky ie Lite] en ayryte WL “ i Lo phe Mies ha et eit ee Sash 
eo Sr Rear tee iT iy eee TIT > int op : t 4 t ° 2 ’ ee pra bk es o 4 Wit tia ai a Maha See td boast. ms papi peti eae 
orece a 4 : Moa ey i , : 4 y « . Br de A ra Oe - 
ees ey be Tt Te Un ea De) BK c mit ‘ ; y 3 be S at u rr hel gee pe ad Sm talc tat a be ad Sei bie EM ecaih ite bf Rae lattes wih 
4 ae ee ee ee ee et t We Oe ery Te ee art ua 4 77 : She et . cy . Poin Pete ed Np neny: ba! 
Y Ley ied , a iA er e Tea eee ee eee Sth Prt iF POPP ie ites het yi HS if a5 iF, rhe tte sb 4) es ae nih ae Aa hy Uh Be Utd ta dened Behe deed dare ts 4 
) oo t cli hh et ha fe 5 A ky SRS or oe a i PF : a 3 F eat SL H Slade ta} ‘4 Eg Ry eens ese ee tt ois 
b . ah IF y 94 ‘ a? ohel U Ty ' f oy | & J is) a 
’ oe a A ’ wT tty Sh n oe Vein yia y : Lenacy' ik rar) any te RH ye A aarti oa ater fee 
é id f See en PLY ie ere i r , J 5 5 3 
ca | Les) Pts a my D Ait Avie 4 } Ae : ' "1s te hd he Ca dn Rite st Re i oo (at Bie be aha 
P “4 ) P iP Mirah is eer cele LPT rary h : . / HE Mr LSE a bat FX, 4 ee Hibs coi ees he Co " 
ae ig Y r EDS tr ee IE LP] heey or ae RE be ah ‘ a AYP mi UD aa a « i anit "i " baa e cache 2 fC Che) Da 
fo Cat, fq * PMT ob to don gare yes Ts r SH i alt 2 ec eet ee sy 
ee o 44 Pye? A aren AEth oFe ‘se tvogs Ps be] My ee seecata tues a tacony 
Pa ae 2 e PLE Het eee A Ld ; ae ri it. Tera ees Ube Lite Tiel FS fa teal 
Pom eer ee Mora ety d lords pS er by Pte : Cl Pon teh ol fal he ; a x fetal tery etitted ah ea Edel ee 
Carts ° Craeae) ; y ' ‘ by Ag tb 
i, ree Pie yet hie hes Wicsmaiae m4 eho bed See 
git abe Cie kd ww pens 
H vy) A ge ache Phe ht ads} tthe Ee i eS aebe 
Pr ore olety! rae k) at? i k ad tt re be pe ge a ie deel SaaS . Son iey 
rT} “5 aI Lae eat) Pa te Je bl 7 f pl pte h rt 
w A nic Cees) 
; ’ Had ? a Frcs a r NU Pinte Hats 
: r a | Fs rf adele rT a) 
J dag ea ay y te % + a acute 
Ab os ary) iz} Hi rhe a ie 4 , quiesemtd! 
. e 4s A t Prk ete ny i * a 1 , a] aa ie 
§ 4 a ate® ¢ Ue TT aed fe r r ot eR Mah ‘ 
tig 5 Te > % DS st bye) ary tao ee oP aoe 
{x0 te 43) Fi) sos pe pas oe f Date PRAT Te te ee ] SPT 
hd he | u obo) aogse e : rot Te Le j Tq. arr E 
0 ‘ at oe J . 5 
a rr ‘ ry ‘| 
. o . Avg We \ 7 
P , erry i , 
Te er) Tt Hsite ante tars r 
‘ et aa] Te er ey yes 
‘ A ee Da i) 
geoue L P +“ P i 1 3 o a ht Pe ib r i 4 A 
ae ay ih ‘ Dar ’ A ; Py or } ; ba : i F : a a ¥. M Oe] ie + (he) 
7 ; ae BE Arey es 4% ; ‘ a a Pas rl sei t eyes ft) penis 
Ls TY a Aer y 4 tom perth Fo ae oH i f y Fes tiie a me] rah pt aes ea pele 
oe ; Sts iy pap cod Rp be ates aa 
' bd rte. es Ca 
Tr pe SAY Sea ieee Dent htaatet 
Le 1940s Kis ae A 
Ss 4 POLE 
3 t. Ate 
7 F } 
P mrt ‘ 
‘ 
r a 
areas : 
ae | 
aoe A } = , So | hfe 
a ae Fi 4 a a 
¢ “oes! rt ny rey) 3 aise A fy Pd ay 
Dh . hI ree A 
bd v Ce Le ry os # otf e ’ Pye. , 
. fy res | . ia) Py td a 
‘ rae puye * ‘ te ’ ’ n | r RBS Bi . 
25 a C Hi he ea ET ba 7 Ty ry ee ee. ihe 5 ne a F A Hit 
' ,f i 4 Ld ed 4 Per ve 7 5 >. ‘ ~ | ¢ ei 4 } ay . 3 “0. 
° b UI + A ° 3 Tory Peat a t FH (ey mt Ls ‘ el Pe ¥ eh P . . ri d ha the 


DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 














NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIFORNIA 





THESIS 


COMPARISON OF LIDAR AND 
MINI-RAWIN SONDE PROFILES 


by 


Daniel E. Harrison 


June, 1998 


Thesis Co-Advisors: Kenneth L. Davidson 
Carlyle H. Wash 





Approved for public release; distribution is unlimited. 


REPORT DOCUMENTATION PA GE Form Approved OMB No. 0704-0188 


Public reporting burden for this collection of information 1s esumated to average | hour per response, including the time for reviewing instruction, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other 
aspect of this collection of mformation, including suggestions for reducing this burden, to Washington Headquarters Services, Lirecturate for information Operations and 
Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188) 
Washington DC 20503. 


hy. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 2. REPORT TYPE AND DATES COVERED 
June, 1998 Master’s Thesis | 


| fm TICEEANDSUBITEEE 5. FUNDING NUMBERS 


COMPARISON OF LIDAR AND MINI-RAWIN SONDE PROFILES | 


SS ee 


62 AUTHORG)...Daniel,Es Harmison 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8 PERFORMING 
Naval Postgraduate School ORGANIZATION 
| Monterey CA 93943-5000 REPORT NUMBER 
i 
| 9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 


11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect the 
| official policy or position of the Department of Defense or the U.S. Government. 


| 12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE 
Approved for public release; distribution 1s unlimited. 





13. ABSTRACT (maximum 200 words) 
Current Light Detection and Ranging (LIDAR) technology allows for remotely sensed, real-ttme measurement of most 
atmospheric properties including structure, dynamics and primary chemical constituents. The LIDAR Atmospheric Profile 
Sensor (LAPS) instrument, completed in April 1996 at the Applied Research Laboratory/Pennsylvania State University 
(ARL/PSU), was developed as a prototype sensor for continuous, automated atmospheric soundings aboard aircraft carriers, 
advanced-radar combatants and shore stations. These data can then be used to calculate the atmospheric refractivity 
| profiles for electromagnetic propagation prediction and as input to system performance assessments. 
This report shows the advantages and disadvantages of LAPS atmospheric data as compared to the MRS sounders 
| currently in use. LAPS can provide an accurate, continuous on-demand real-time data, is able to characterize variations in | 
} the marine boundary layer, and docs not require cumbersome logistic support 2 helium Sottles and balleons). The | 
present weaknesses of LAPS are its relatively coarse vertical resolution, degraded daytime data due to scattering, 
sometimes erratic temperature measurements, and ship’s gas absorption. 


14. SUBJECT TERMS Environmental Data, Radio Physical Optics, Radar Performance Prediction, | 15. NUMBER OF 
! Radiosonde, Refraction, Rocketsonde, SHAREM 110, Surface Based Duct PAGES 
16. PRICE CODE | 






















I. SECURITY SECURIT | SECURDE. 20); LIMITATION 
CLASSIFICATION CLASSIFICATION OF CLASSIFICATION OF 
OF KEPORT THIS PAGE OF ABSTRACT ABSTRACT 





Unclassified Unclassified Unclassified UE 


NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 


Prescribed by ANSI Std. 239-18 298-)02 





Approved for public release; distribution is unlimited. 


COMPARISON OF LIDAR AND MINI-RAWIN SONDE PROFILES 


Daniel Edward Harrison 
Lieutenant Commander, United States Navy 
B.S., United States Naval Academy, 1985 


Submitted in partial fulfillment 
of the requirements for the degree of 


MASTER OF SCIENCE IN METEOROLOGY AND 
PHYSICAL OCEANOGRAPHY 


from the 


NAVAL POSTGRADUATE SCHOOL 


/. {Sune 1998 


=) 
. 





DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 


ABSTRACT 

Current Light Detection and Ranging (LIDAR) technology allows for remotely sensed, real- 
time measurement of most atmospheric properties including structure, dynamics and primary 
chemical constituents. The LIDAR Atmospheric Profile Sensor (LAPS) instrument, completed 
in April 1996 at the Apphed Research Laboratory/Pennsylvania State University (ARL/PSU), 
was developed as a prototype sensor for continuous, automated atmospheric soundings aboard 
aircraft carriers, advanced-radar combatants and shore stations. These data can then be used to 
calculate the atmospheric refractivity profiles for electromagnetic propagation prediction and as 
input to system performance assessments. 

This report shows the advantages and disadvantages of LAPS atmospheric data as compared 
to the MRS sounders currently in use. LAPS can provide an accurate, continuous on-demand 
real-time data, 1s able to characterize variations in the marine boundary layer, and does not 
require cumbersome logistic support (e.g. helium bottles and balloons). The present weaknesses 
of LAPS are its relatively coarse vertical resolution, degraded daytime data due to scattering, 


sometimes erratic temperature measurements, and ship’s gas absorption. 
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I. INTRODUCTION 


Naval operations are becoming more dependent on the performance of extremely 
sensitive combat systems, sensors and weapons which are highly influenced by 
atmospheric conditions. In particular, sophisticated electromagnetic (EM) sensors are 
designed to exploit atmospheric propagation effects within narrow frequency windows, 
and thus are extremely dependent on atmospheric refractive parameters. 

A critical component in providing realistic atmospheric propagation conditions for 
predicting system performance 1s a timely, high-resolution vertical profile of the radar 
refractive index. Realistic and accurate range-dependent propagation models are 
significantly influenced by the quality and resolution of atmospheric data used in system 
performance predictions. 

Requirements imposed by modern weapons systems motivate the Naval 
Meteorology and Oceanography (METOC) community to constantly evaluate new 
technologies to improve upper atmospheric data products by improving spatial resolution 
and increasing the observation frequency and timeliness. Current upper-air observing 
systems utilized by ships at sea, such as the balloon-borne mini-rawin system (MRS), 
provide atmospheric data that may not have sufficient spatial and temporal resolution for 
propagation assessments supporting modern advanced-radar combatants. Also, since the 
balloon is advected by the atmospheric winds it may be frequently carried miles away 
from the ship in the middle and upper troposphere. Therefore, data obtained by balloon- 


borne sondes 1s not necessarily representative of the environment in the immediate 


vicinity of the ship in the upper atmosphere. 

Another concern ts that the launch and data collection process consumes 
approximately 30 minutes to 2 hours per MRS sounding, and requires significant 
logistical support. These weaknesses in data acquisition ultimately impact the derived 
environmental products and tactical decision aids supporting warfare requirements. In 
order to achieve the goal of improving environmental products, the METOC community 
must strive for better resolution, timeliness and accuracy of the data that feed the derived 
products. 

Refraction model accuracy can be optimized by use of fine-scale vertical profiles of 
temperature and water vapor density that are made within the region for which 
propagation loss is to be calculated. These are the two essential parameters for predicting 
atmospheric refractivity. These are the parameters measured by the LIDAR instrument, 
LIDAR Atmospheric Profiler System (LAPS). LIDAR technology, coupled with regional 
mesoscale atmospheric models, offers the capability to continuously and remotely 
describe atmospheric properties. Retrieval algorithms convert backscattered laser energy 
into a vertical sounding of the atmosphere in the ship’s immediate vicinity. LIDAR 
technology has been examined for atmospheric measurements since the mid-1970’s. 
Kenic hk Eivet ale lO 76, Paliter, oo 70 Panbnck. ©, Re 1967 sain wee. ol vetal. 
1996, and Senff, C., et al., 1994. The DOD and DOE have supported LIDAR research for 
atmospheric soundings since the early-1990’s at the APL/PSU facility; Philbrick, C.R., 
1994. Philbrick, ©... et al. 1994: Stevens, [_D., et al., 1996; Hans. PA. 1. et al, 1995: 
Haris, P-A 1.1996; Philbrick, C.R., et al., 1987; Philbrick, C.R., 1991; Rajan: S., et al.. 
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1994; Rajan, S., et al., 1995; and Balsinger, F., et al., 1996. 

LAPS also provides distinct advantages over the traditional balloon-launched 
radiosonde. LAPS 1s capable of providing atmospheric profiling data regardless of wind 
conditions or sea state when balloon launches are difficult. Also, the setup/launch/data 
retrieval cycle of a balloon radiosonde typically consumes at least 30 minutes, whereas 
the LAPS can provide continuous soundings and real-time characterization of the local 
atmosphere. 

This thesis will concentrate on the analysis and comparison of recent simultaneous 
LAPS LIDAR measurements and radiosonde profiles gathered during a recent operational 
demonstration and validation aboard the USNS SUMNER (T-AGS 61). Comparisons of 
refractivity profiles derived from MRS and LAPS sounding pairs are the primary means 
for correlating data. Other influencing factors, such as daytime versus nighttime 
measurement capability and shipboard interference, are assessed as well. This study will 
examine LIDAR's viability for the U.S. Navy's present and future atmospheric sounding 


needs. 
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IT. BACKGROUND 


Modern U.S. Navy combatants face technologically advanced threats which 
present the warfare commander the challenges of reduced reaction time, optimizing use of 
sophisticated sensor and weapon suites, and operations within varying environments. To 
be effective against threats such as high-speed, low-flying missiles, e.g. an air-launched 
Exocet, these systems and operational tactics require frequent and accurate assessment of 
the environment's impact on EM propagation prediction. Tactical decision aids have 
become increasingly common in supporting the warfare commander and enhance his 
ability to successfully employ EM sensors. 

A description of the lower-atmospheric profile of temperature and humidity is the 
single most important environmental requirement for predicting the performance ofa 
surface-based EM sensor, such as advanced shipborne surface-search radars. In the 
highly variable spatial and temporal littoral zone, it 1s increasingly important that data 
gathered for atmospheric modeling be fine-resolution, accurate, and real-time. The 
balloon-borne sonde (MRS) system currently in use 1s based on decades-old technology 
and may not meet the above requirements to satisfy performance assessment programs for 
modern and future sensors. It has relatively coarse temporal and spatial resolution and 
significant logistics requirements. 

In an effort to meet this challenge, the Program Management of the Space and 
Naval Warfare Systems Command (SPAWAR PMW-185) and the Office of the 


Oceanographer of the Navy (OP-096) initiated and funded research and development for 


a laser-based atmospheric profiling system. 

Two Light Detection and Ranging (LIDAR)-based sounding instruments have 
been developed at the Applied Research Laboratory of Pennsylvania State University 
(ARL/PSU); the first system, the LIDAR Atmospheric Measurement System (LAMP) 
was completed in 1991. The LAMP system is housed in a large trailer and 1s physically 
cumbersome. Originally designed for sensing upper-atmospheric temperatures, it was 
deployed aboard the German research ship, RV Polarstern, and was used during the 
Latitudinal Distribution of Middle Atmospheric Structure (LADIMAS) experiment which 
took place between September 1991 and January 1992 [Philbrick et al., 1992]. Further 
experimentation tested the limits of the LAMP's temperature-sensing abilities in the 
lower atmosphere and lead to the implementation of rotational Raman technique [Rau, 
1994; Harris, 1995]. This and other improvements derived from LAMP testing and data 
evaluation and were incorporated into the LIDAR Atmospheric Profiler System (LAPS), 
which was completed in April 1996. 

Directed more toward U.S. Navy needs, the primary environmental data to be 
gathered by the LAPS are vertical measurements of temperature and water vapor density 
in the lower atmosphere. Detailed low-altitude sampling of these two variables is 
essential for assessing refractivity conditions. In order to fully optimize refractivity model 
accuracy for a particular shipboard sensor, these measurements should be made in-situ. 
The temperature profile and the surface pressure measurement provide the essential 
atmospheric density profile. LIDAR technology offers the capability to continuously and 


remotely sense these atmospheric properties. Retrieval algorithms convert rotational and 


vibrational Raman backscattered laser energy into a vertical atmospheric sounding in the 
ship's immediate vicinity. Refractivity assessments and input for other METOC-oriented 
tactical decision aids could be available on-demand and the inferred knowledge to use 
and exploit the environment would be at the warfare commander's disposal. Detailed 
characteristics of the LAPS are discussed in Chapter V. 

Other existing technologies can replace or augment the traditional radiosonde, 
including the Tactical Dropsonde (TDROP), and the Low Altitude Rocket Dropsonde 
System (LARDS). While both these systems have the advantage of providing high 
vertical resolution sounding data all the way to the sea surface, neither provides a 
continuous, on-demand data flow. In its present configuration, the LAPS cannot sense 
atmospheric properties below the height of its transmitter, however planned future 


improvements will allow for that capability. 
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I. ATMOSPHERIC PROPAGATION 


A. INDEX OF REFRACTION 


From an atmospheric sounding, the direction of travel of the EM wave front can 
be calculated as influenced by refraction. Variations in temperature, pressure and 
humidity cause changes in the atmosphere's density and result in refraction of EM waves. 
Refraction of an electromagnetic wave front causes its ray to change direction/bend as it 
passes through a medium. The degree of bending is determined by the gradients of the 
index- of- refraction, 7, along the wave front. The index-of-refraction is related to the 


ratio of the velocity of propagation in free space, c, and the velocity of propagation within 


the medium, v; such that: 


n=c/v (1) 


Free space propagation 1s a wave's velocity in a vacuum. In free space, the ray 
path or direction of propagation of an EM wave is a straight line and transmission is 
described as ‘line of sight’. However, due to density changes in the atmosphere, the index 
of refraction generally increases with height. Thus, with the assumption of a normal 
atmosphere (i.e. horizontally homogeneous, standard atmosphere), radars would still have 
slightly extended over-the-horizon detection ranges as waves are bent toward the ground 


by the vertical gradient of 7 values. 


Scattering theory can be used to predict the propagation path of an EM wave as it 
travels through a medium with varying densities or indices of refraction. Calculating the 
new direction of a wave's path as it propagates into a different density layer of the 
medium is possible provided the initial direction of travel is known. With today's 
advanced radars, including those with steerable beam emissions, the refractive effects 


become extremely important in describing low-elevation target locations. 


B. REFRACTION IN THE TROPOSPHERE 


The troposphere 1s the primary region through which shipboard and airborne radar 
EM energy propagates. For simplification of calculations, assume that the atmosphere is 
isotropic, or has the same properties in differing directions, and frequency dependency is 
removed from the index--of--refraction calculations. Normal values of 7 for the 
atmosphere near the earth’ s surface range between 1.00025 and 1.00040 (Patterson 
1988). For convenience, an empirically derived scaled index of refraction, N, or 


refractivity, 1s defined as: 


N = (n-1) x 10 (2) 
In the lower atmosphere, the error propagation relationship between refractivity 
gradient dN/dz and atmospheric variables pressure, P (mbar); temperature, 7 (°K); and 


specific humidity, g (gm/kg); 1s given by: 


dN/dz = 6.7 dq/dz - 1.35 dT/dz + 0.35 dP/dz (3) 


Typical near-surface temperature gradients in a well-mixed, moist atmosphere are 
about -6.7 ° C/km, while at upper altitudes the dry troposphere is characterized by a 
temperature gradient of -9.8° C/km (dry adiabatic lapse rate). However, equation (3) 
shows that water vapor is the most significant atmospheric variable affecting refractivity. 
The water vapor content of the typical troposphere frequently exhibits strong gradients 
with height. At an altitude of 1500 m the water vapor content is normally about half of 
that at the surface. 

The EM ray 1s normal to the actual EM wave front and is used to describe the 
direction of propagation. The propagation bending radius (r) of an EM ray is based on the 


gradient of 7: 


r = -1/(dn/dz) (4) 


As previously described, EM waves will bend downward from a straight line path 
as the index of refraction decreases with height. A trapping layer exists if the gradient of 
the index-of-refraction decreases enough to have the ray’s curvature (radius) be the same 
as the earth’s. It is convenient to have an descriptor for such conditions, which is called 


the modified refractivity, M, given by the expression: 


M=N-10x2z/Re (5) 
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where height, z (Am), radius of the earth, Re (km), and refractivity, NV, are considered. Ina 
standard atmosphere, MM typically increases with height. The gradient of M will not 
change with height, dM/dz = 0, in a trapping layer. Hence, dM/dz replaces dN/dz to 
provide a clear interpretation. The use of the modified refractivity index becomes 
advantageous in graphical displays for easy identification of trapping layers and ducts. 
Since -0.157N/m is the gradient associated with the ray curvature being equal to the 
earth's curvature and —0.040 N/m is the standard, the modified refractivity simplifies the 
identification of regions of trapping or ducting conditions. Table 3.1 summarizes various 


refractive conditions for vertical gradients of N and M. 


N - Gradient M - Gradient 
Sub-refractive >0/m Ono 
Nee Spaced -0.079 to 0/m 0.079 to 0.157/m 
Super-refractive -0.157 to -0.079/m 0 to 0.079/m 
Trapping <-0.157/m <O/m 


Table 3.1 Conditions of Refractivity (after Patterson 1988). 
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C. ATMOSPHERIC TRAPPING LAYERS AND DUCTS 


A trapping layer is a region in which the radius of a ray is less than the radius of 
the Earth's surface as the result of the refractivity gradient. A duct is associated with a 
trapping layer and is an atmospheric ‘channel’ in which electromagnetic energy can 
propagate to extended ranges. Ducting acts a barrier for energy crossing the duct 
boundaries, creating areas of reduced radiation coverage, called radar ‘holes' or shadow 
zones, and present problems for systems operating above, below or 1n the duct. 

Several well documented synoptic and mesoscale atmospheric conditions can lead 
to duct formation. It is not the purpose of this thesis to describe all ducting manifestations 
and their impact on EM emissions. One refractive condition that is prevalent over the 
ocean is a surface trapping layer associated with the humidity gradient immediately above 
the surface. This is referred to as the evaporation duct. It is worthwhile noting that an 
evaporative duct thickness is generally less than 30 m, and the world average is 
approximately 13 m (Patterson 1988). An approximate 15 m thickness causes the 
evaporation duct to be well below the first and lowest LAPS sounding height of 37m, 
which represents the first 75 m range bin. Evaporative ducts can also be embedded within 
a thicker surface-based duct. 

A concern in describing atmospheric profiles is the vertical resolution required to 
describe significant atmospheric layers within capabilities of current operational 
propagation models, such as the Radio Physical Optics (RPO) EM assessment model. 
Dockery (1997) presented results from a study of thousands of helicopter soundings that 


ie 


demonstrated the extreme variability of refractivity profiles in the lower troposphere, 
particularly below 1000 ft. Furthermore, surface evaporation and low-level temperature 
inversions can produce large irregularities below 300 ft. When considering surface-based 
systems, vertical location and strength of refractive features dictate that the vertical 
resolution of any given atmospheric measurement system be a relatively small fraction of 
sensor height. The 75 m resolution of the LAPS system used aboard USNS Sumner (T- 
AGS 61) does not fulfill this requirement. As a consequence of the study based on RPO, 
Dockery (1977) suggested vertical resolutions for both water vapor and temperature as 10 
ft for altitudes between 10 to 500 ft, and 25 ft for altitudes between 500 and 2000 ft 
(Dockery, 1997). Resolutions less than these may not properly account for conditions 
that are important for detection of threats that are at low altitude and have low radar 


profiles. 


IV. METHODS 
A. BALLOON-BORNE SONDES : MINI-RAWIN SYSTEM 


Atmospheric profiles at civilian and military airports, weather stations and 
onboard U.S. Navy ships underway are currently obtained with balloon-borne sondes. 
Several manufacturers exist and procedures for their use are well known. The type used 
by the Navy is the Vaisala MARWIN MW 12 Rawinsonde Set. The set is small] and 
portable, and transmits measurement of upper-air vector wind, pressure, temperature, and 
relative humidity to the ground-based receiver set. Using balloon-lifted RS 80 Series 
radiosondes, the MRS fulfills Navy environmental data needs for in-situ refractive 
assessments onboard ships at sea. RS 80-15N Radiosonde physical characteristics are 
listed in Table 4.1; performance specifications are listed in Table 4.2. The accuracy of 
each sensor is noteworthy, since the MRS sounding data are being oe as the baseline 
for comparison with the LAPS sounding data. The non-Global Positioning System (GPS) 
radiosondes were used in this experiment; GPS sondes are considerably more expensive 
(approximately $250/launch). 

The need for continuous data measurements should also be considered. There is 
an operational disadvantage of the rawinsonde due to low time frequency and labor- 
intensive procedures required . One disadvantage is that the balloon-bome sonde cannot 
be considered an all-weather instrument capable of providing meteorological data 
regardless of sea-state or wind conditions. If the winds and seas are too high, they may 
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preclude a technician from working topside on a small combatant and would not allow for 
the launching of weather balloons. If winds alone are too high, it often becomes too 
difficult to get a balloon inflated and launched without bursting. In addition, maneuvering 
the ship, particularly small combatants, 1s frequently required to reduce the relative winds 
across the flight deck. A second disadvantage 1s the amount of time to make a launch. 
Balloon launching of a radiosonde requires 20 to 30 minutes for preparation, balloon 
filling, and release and it may take another 30 to 45 minutes to ape the requisite data 


for low altitude profile analysis, and as much as two hours for a full profile. 
B. LAPS LIDAR 


The LAPS system development was an extention of the LAMP LIDAR research 
instrument; Philbrick, C.R., 1994; Philbrick, C.R., et al., 1994; Philbrick, C.R., 1991. It 
was developed because of identified requirements imposed by operational considerations 
for lower tropospheric soundings over the sea. The LAPS program began in 1991 witha 
5-year goal of developing a prototype sounder instrument for demonstration and 
validation at sea. The necessary capabilities included in-situ, real-time measurement of 
atmospheric properties, primarily those that provide refractivity profiles needed for EM 
performance prediction products, namely water vapor and temperature. Measurements up 
to a minimum of 7 km were suggested by the EM/EO community, Space and Naval 
Warfare Systems Command (SPAWAR) Program Management (PMW-185), with a 
strong emphasis below 3 km. The unit developed at the APL/PSU has achieved these 
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goals and also interfaces with the Tactical Environmental Support System (TESS-3) 
interface as a possible Shipboard Meteorological and Oceanographic Observation System 
(SMOOS) sensor. 

The LAPS LIDAR uses an Nd:YAG laser to create vibrational Raman scatter to 
measure water vapor density, and rotational Raman scatter to measure temperature. The 
ratio of vibrational Raman signal backscatter from water vapor molecules at 295 nm and 
660 nm (second and fourth harmonics of the laser) to the signals from molecular nitrogen 
at 285 nm and 607 nm are detected by a sensitive receiver, filtered and processed for 
conversion into a water vapor density profile. The rotational Raman backscatter is 
similarly converted from the ratio of the signals at 528 nm and 530 nm wavelengths to 
measure atmospheric temperature. By using ratios for these measurements, the instrument 
provides robust data products without the need for any measurements of absolute 
sensitivity, gain or efficiency. Use of the ratio also removes or minimizes problems while 
measuring in the presence of interferences from aerosols and clouds. 

During daylight periods, 'solar blind' wavelengths from 260 nm to 300 nm are 
used to minimize the effect of the sun's ultraviolet (UV) interference. Visible spectrum 
water vapor channels are not available for daytime use as solar radiation in these 
frequencies overwhelms the sensors. Although not important for the purposes of this 
report, it is worth noting that the instrument has additional capabilities to measure true 
atmospheric extinction and the ozone profile. The LAPS LIDAR characteristics are listed 
in Table 4.3. During the operational demonstration, the LAPS LIDAR/receiver unit was 
mounted on the fantail of SUMNER, immediately aft of the superstructure and near the 
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port side. This arrangement became a factor in UV channels water vapor data accuracy 
due to contamination by diesel exhaust from the upper level discharge vents, as discussed 
in Chapter V. Figures 4.1 and 4.2 illustrate LAPS physical position on USNS SUMNER's 


deck. The performance of LAPS in high wind and sea states with spray is unknown. 


C. DATA COLLECTION PROCEDURES 


The experiment was conducted aboard USNS SUMNER (T-AGS 61) from 01 
September to 15 October 1996. The ship departed from Pascagoula, MS and gathered 
data in the Gulf of Mexico while moving southward around the Florida peninsula. The 
crew enjoyed a one week hiatus from 21-28 September at Port Everglades, FL for the 
Oceans '96 Expo where CNMOC staff personnel and other participants were able to 
observe the LAPS in operation. The remainder of the cruise was conducted off the eastern 
Florida coast. A total of 97 MRS launches were attempted with 94 considered successful. 
Of these 94 soundings, 45 were conducted at night, 29 during daylight hours and the 
remaining 20 during transition periods of dawn or dusk. Nine additional soundings 
comparisons have been rejected for missing or incomplete data from either system. 

Each MRS launch was coordinated for a concurrent LAPS sounding set. Since a 
typical MRS balloon ascent to 3 km lasts about 30 minutes, LAPS data has been 


integrated over a 30 minute range to match the approximate duration of the balloon flight. 





Weight Less than 200 g 
Sampling Rate 


Solid State 
Construction Design 










1.5 sec (all parameters) 





High technology 
BAROCAP, 

THERMOCAP and 
HUMICAP sensors 



















approx. $150 (includes 
balloon, helium, 
radiosonde) (non-GPS) 


Table 4.1 RS 80-15N Radiosonde Characteristics 


Cost per 
launch/sounding 


Capacitive aneroid 
1060 to 3 hPa 


Capacitive bead 
-9(0" C to 60° C 


Temperature Range: On 
Accuracy:Resolution: On ae © 
Lag: < 2.5 seconds 


HUMIDITY SENSOR 

il vipe: Thin film capacitor 
Humidity Range: 0 to 100% 
Accuracy: 

Resolution: 

Lag: 





Table 4.2 RS 80-15N Radiosonde Sensor Performance Specifications 
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Transmitter {Continuum 9030 -30Hz |600 mj @ 532 nm 
5X Beam Expander 130 mj @ 266 nm 
Receiver {61 cm Diameter Telescope {Fiber Optic Transfer 


Detector Seven PMT channels 
Photon Counting 











528 and 530 nm - Temperature 

660 and 607 nm - Water Vapor 

294 and 285 nm - Daytime Water 
Vapor 

276 and 285 nm - Raman/DIAL Ozone 


DSP 100 MHz 75 m range bins (future upgrade to 7 m) 
Safety Radar|Marine R-70 X-band protects 6° cone angle around beam 


Table 4.3 LAPS Characteristics 
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V. RESULTS OF PROFILE COMPARISONS 


A. DATA COMPARISON 


This thesis compares the results from simultaneousiy gathered atmospheric 
soundings by LAPS and rawinsondes (MRS) aboard USNS SUMNER (T-AGS 61). The 
Naval Postgraduate School (NPS) was responsible for the rawinsonde data collection and 
ARL/PSU for the LAPS LIDAR collection. The author was solely responsible for 
coordinating efforts of embarked U.S. Navy personnel who were conducting MRS 
launches, and preliminary data collection and processing. LAPS data collection and 
processing was the responsibility of APL/PSU scientists. Both teams worked together 
coordinating data collection periods. Navy personnel were given basic training and 
indoctrination to the operation of the LAPS systems. NPS personnel performed editing 
and processing tasks for the rawinsonde profiles. APL/PSU personnel performed editing 
and processing tasks for the LIDAR. Collaborative interpretations were made on the final 
joint LAPS LIDAR/MRS data sets. 

This report will focus, when possible, on the modified refractivity, M, profile 
comparisons. This 1s only possible during the nighttime periods when temperature as 
well as water vapor values are retrievable from the LAPS. Temperature measurements 
are not available during daylight hours due to solar radiation interference. For M profile 
comparisons, data from both the LAPS and rawinsonde are displayed in 6-panel charts, to 


include profiles of temperature, specific humidity, and M, and the rawinsonde-LIDAR 


2A 


differences. 

Water vapor comparisons will be made during daytime as well as nighttime 
periods. This is an important separate comparison because water vapor retrieval is 
affected by daytime radiation contamination. 

Post-cruise analysis of the profile data revealed four notable deficiencies in the 
LAPS sounding data compared to baseline rawinsonde data. The deficiencies, ranked 


from most problematic to least, are as follows: 


1. Too coarse, 75 m, vertical resolution. 

Z Upper altitude limitations of UV frequency (daytime) water vapor data. 
= Temperature data 'vignetting' below 1 km. 

4. Diesel exhaust caused SO, contamination of UV water vapor profiles. 


Other differences occurred, but the four listed above were considered the most 
serious because of the way they affected refractivity computations below 2000 m. In the 
following sections each deficiency will be examined separately, along with possible 
corrective measures. Deficiencies will be examined using modified refractivity (M), 
specific humidity, and temperature profiles. In some situations, a combination of these 
negative factors could have magnified errors with regard to refractivity descriptions. 
Whenever possible, discussions of the deficiencies will present the deficiency first, 
followed with a description of the cause. Remedies for all described shortfalls are under 
continuous study and formulation by scientists at the APL/PSU. 

Seventy-seven Lidar/rawinsonde pairs were used in the analysis. To compare the 


rawinsonde and LIDAR differences between the 77 pairs, all rawinsonde and LAPS data 
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were interpolated to the same vertical grid. The first vertical level is at 50 meters and 
higher levels are at 75-meter intervals to 2000 meters. These levels were chosen because 
they were close to the heights of data points, and matched the 75-meter LAPS resolution. 
This process degrades the MRS data that has a vertical resolution of about 25 to 35 m. 

The 77 profiles were distributed as follows; 48 Night, 18 Day, and 11 day/night 
Transition. Only 34 of the 48 nighttrme LIDAR profiles have temperature data. The 
remaining 14 night profiles did not have reliable temperature data, but the specific 
humidity data is reliable and is used in the statistical analysis. The 18 Day, and 11 
Transition profiles have only specific humidity data. Visible frequency daytime 
temperature measurement capabilities were not possible in the subject LAPS unit. 

The Root Mean Squared (RMS) errors for temperature and specific humidity are 
listed in Table 5.1. Profiles of these RMS errors are shown in Figures 5.1 and 5.2. The 
RMS difference between the rawinsonde and LIDAR was calculated at each vertical level 
using all LIDAR/rawinsonde pairs or day, night, and transition subsets. This provides an 
estimate of accuracy at each vertical level for temperature, specific humidity and 
modified refractivity, M. 

Figure 5.1 depicts the RMS differences for specific humidity calculated at each 
75m vertical level for all 77 pairs, 48 night pairs, 18 daylight pairs, and 11 pairs during 
sunrise or sunset transition periods. Figure 5.2 depicts the RMS differences for 
temperature and modified refractive index, M, calculated at each 75-meter vertical level 


for the 34 night pairs with temperature data. 
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Table 5.1 Temperature, Water Vapor and Modified Refractivity Statistics 


1. Deficiency: Too Coarse, 75 meter, vertical resolution 


A selected set of paired LIDAR/rawinsonde soundings were used to demonstrate 


resolution deficiencies that occur with the deployed version of the LAPS LIDAR. As 


described below, this limitation occurs because of the present commercial acquisition 


components rather than processing technology or physical understanding of LIDAR 


retrieval. 


Figures 5.3 and 5.4 show conditions detected by the rawinsonde that were not 


adequately represented by the concurrent LAPS sounding. Figure 5.3 1s a nighttime 


sounding pair showing both water vapor and M, while Figure 5.4 is a daytime sounding 
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pair showing only water vapor. In both cases, the coarse range resolution of the LAPS 
failed to adequately resolve sharp vertical changes in water vapor density. In Figure 5.3, 
a duct exists from about 300 to 570 m. Panel 2 in Figure 5.3 shows an extreme decrease 
in water vapor density at 570 m measured by the rawinsonde. However, the LAPS 
vertical resolution smoothes the curve and consequently does not accurately reflect the 
strength of the duct. 

Figure 5.4 shows similar degraded water vapor resolution results during daytime 
soundings. Figures 5.5 and 5.6 are additional sounding pairs where rawinsonde discerned 
ducting by the LAPS did not. Comparisons of day and night water vapor further show 
that the vertical resolution of the LAPS LIDAR 1s obviously not affected by daylight 
conditions. However it must be noted that diurnal transients such as the evaporation duct 
do exist, so finer resolution is required for both day and night. 

Figures 5.7 and 5.8 show night sounding pairs in which maximum M-value 
differences between rawinsonde and LAPS were as low as 1.5% for nighttime. When no 
significant atmospheric gradients exists, especially for water vapor, the LAPS and 
rawinsonde soundings compare very favorably, as would be expected. Figures 5.9, 5.10 
and 5.11 show additional sounding pairs in which smooth water vapor profiles resulted in 
a close match between the M profiles of rawinsonde and LAPS. Under certain conditions, 
the water vapor profile had several gradient shifts; as long as the changes were not sharp 
or severe, LAPS accurately detected the difference. Figure 5.12 shows an example of 
very good tracking M profile by LAPS as the water vapor gradient shifted several times 


from positive to negative and vice versa. 


Some conclusions are possible relative to the reason and impact of the deficiency. 
The reason for the deficiency in this deployment is the current technological stage of the 
LIDAR hardware development. The electronics hardware component that controls the 
LAPS receiver's data ingestion rate functions at a frequency of 100 GHz and the speed of 
the electronics limits the bin width to 500 nsec. This relatively slow cycle speed restricts 
vertical resolution to 75 m bins or range gates. In cases where sharp water vapor gradients 
were detected by the rawinsonde sensors, the LAPS failed to accurately describe the 
gradient in the moisture stratification. The impact of the resultant difference is that the 
LAPS M profiles do not portray ducting conditions as strongly and would have 
adversely affected the refractivity assessments and performance predictions. 

Electronics technology 1s advancing rapidly and new, faster electronics Santee 
available today can increase the LAPS receiver processing rate by tenfold. With the 
receiver operating at a 1 GHz frequency, the vertical range resolution can be refined to 
increments in the 3 to 7 m scales. This possible improvement might allow LAPS to 
surpass the ability of the rawinsonde to detect abrupt changes 1n water vapor and/or 
temperature profiles. Vertical soundings of atmospheric properties would then have 
requisite resolution to discriminate even small variations, and associated refractivity 
conditions could be described in detail. A single channel set of electronics which 1s 


capable of these advances has been tested a PSU during the past year. 


2. Deficiency: Degradation of LAPS UV Water Vapor Channel 


Another concern is the accuracy/stability of the LAPS data. Table 5.1 outlines 
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Statistical differences between nighttime, transition and daytime sounding pairs. Profiles 
of RMS differences from which these values were derived are shown in Figure 5.1. The 
RMS profile for temperature and M are shown in Figure 5.2. The errors are larger than 
uncertainties in rawinsonde measurements and a particular concern is the increase during 
daylight hours. Since this thesis focuses on the atmosphere below 2000 m, the full effect 
of this problem cannot be demonstrated as clearly as the coarse vertical resolution 
deficiency, yet it is the most significant developmental challenge facing the LAPS 
program. 

During daylight hours, solar UV radiation contaminates returning backscatter 
signal to the LAPS receiver except for the solar-blind ultraviolet wavelengths. During 
nighttime operation, both UV and visible spectrum frequencies can be exploited, however 
the visible spectrum data are generally superior. Statistical variations and errors, as 
compared to concurrent rawinsonde data, are minimized at night. 

A means of evaluating the LAPS water vapor and temperature data ‘stability’ is 
through analysis of variations in the calibration coefficients required to correlate LAPS 
data to rawinsonde data. Figures 5.13 and 5.14 show visible and ultraviolet water vapor 
calibration coefficient plots versus chronologically numbered rawinsonde soundings. A 
constant calibration figure (straight line) would imply perfect correlation between the two 
systems; greater deviations reflect ambiguities and system errors. The average value for 
the water vapor calibration factor over the whole experiment for the visible channels was 
133.2 +/- 6.2 (4.6%). This figure reflects removal of 7 cases where operator-induced 


problems caused erroneous readings due to prior overload on the visible channel detectors 
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in the daytime. Calibration of LAPS optical system requires approximately 10 minutes 
for stabilization. In these 7 cases, calibration lamps that were accidentally left activated 
overloaded the receiver's optics system. The instrument requires several] hours to 
recuperate from an overload on the visible detectors caused by exposure to solar 
illumination or leaving the calibration lamp on. The average value for the UV channels 
was 22.4 +/- 2.0 (8.9%). This figure reflects removal of 5 cases where SO, contamination 
is suspected. This error source will be discussed in section 4 of this chapter. These 
calibration coefficient variations again highlight the significant difference between visible 
spectrum channels (nighttime) and UV spectrum channels (daytime). In the statistical 
evaluation of the calibration coefficients, daytime (UV channels) data is 2 to 2.5 times 
more erratic than nighttime (visible channels) data. 

Corrective methods for improving the daytime LAPS water vapor data include 
removal of neutral density filters, which would allow greater dynamic range before 
saturation of Photo-Multiplier Tubes (PMT) and consequent improved data count. Also, 
new compact diode-pumped laser systems can improve the signal-to-noise ratio of 


returning backscattered data, which would reduce the effect of solar interference. 


3. Deficiency: Temperature Data Vignetting 


In nearly all cases with good data, a trend persisted in which initial LAPS 


temperature data became higher than rawinsonde data below approximately 1 km. Figure 


5.2 clearly reveals an increase in temperature RMS below 100 meters for corrected 


profiles. While it is not within the scope of this report to investigate laser optics physics, 
clearly the temperature data statistics from Table 5.1 are adversely affected by this error, 
even though corrections have been made. Simply, the error is a manifestation of the 
physics of the receiver's optics; as low-altitude backscattered rotational Raman data 
arrives at the receiver, the values are distorted by the vignetting. The error function for 
the vignetting has been determined from the ratio of the temperature data channels when 
a 530 nm filter is placed in each channel. Correction has been derived at the APL/PSU 
and it has been found to correct the low-altitude temperature data values to within 
approximately +/- .5 °C of rawinsonde temperature data. 

Further advancements 1n processing Raman rotational backscattered signals may 
minimize or eliminate the 'vignetting' effect, however present correction functions may 


adequately compensate for the error. 


4. Deficiency: SO, Contamination of UV Water Vapor Data 


During one observation period. relative wind shifts as USNS SUMNER 
maneuvered from a relative headwind heading to a crosswind heading resulted in 
approximately 30% decrease of temperature calibration values over the course change. 
Similar errors in other profiles are of concern because of the ambiguous impact on profile 
SIUuCctures. 

This effect is caused by contamination by absorbing gases, e.g. SO., rather than 


by other radiation. The LAPS transmitter/receiver unit was located on the fantail of the 


SUMNER where, in relative headwind conditions, exhaust from the diesel engines could 
be blown over unit. The SO, absorption band lies within the UV water vapor channels 
and its occasional presence resulted in anonymously high calibration coefficients in that 
spectrum for those periods. Full analyses of the effects of SO, contamination are ongoing 
at the ARL/PSU. 

Depending on platform propulsion and auxiliary power systems, positioning of 
the LAPS sensor is critical to minimize SO, interference. During the operational 
demonstration aboard USNS SUMNER, shipboard mounting locations were limited and 
the problem was unavoidable. Obviously, permanent installations would require well- 


thought positioning to avoid this effect. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 


The LAPS operational demonstration aboard USNS SUMNER is considered 
highly successfully based on system reliability and proof of concept. The LAPS was 
available for the entire duration of the experiment and, except for a brief planned 
maintenance period, suffered no 'down time'. More important however is the fact that the 
system was able to successfully gather real-time environmental iu-situ data in an 
operational setting aboard a ship at sea. 

Shortfalls discovered in this study are: relatively coarse vertical resolution, 
degraded daytime data due to scattering, sometimes erratic temperature measurements, 
and ship’s gas absorption. Of the four significant discrepancies, improvement to daytime 
UV channels water vapor data as well as availability of daytime temperature data remain 
as a serious challenges for LAPS LIDAR engineers. New laser technology, such as 


compact diode-pumped power supplies, should contribute positively toward solutions. 


B. RECOMMENDATIONS 


LAPS has demonstrated some potential for gathering information aboard U.S. 
Navy combatants and land stations for sounding the lower atmosphere. Present and future 
advanced combat systems require continual updates on the refractivity environment in 


DI 


order to optimize performance and response. LIDAR is a candidate technology for 
providing such a data stream and continued investment in its development. It is critical 
that future LAPS measurements provide daytime temperature profiles and higher vertical 


resolution. Additional at sea testing is then required to evaluate these improvements. 


C. ADVANCED LAPS (ALAPS) 


The concept for the next generation of LAPS includes other improvements which 
will render the system even more appealing to the warfighter customer. With an eye-safe 
UV laser frequency and steerable LIDAR beam, sampling of the atmosphere from the 
surface and through the surrounding volume will be possible. Vertical resolution in the 
near-surface layer will be as fine as 20 cm as LIDAR beams can be directed at shallow 
angles to the sea surface. The resultant highly-detailed characterization of the evaporation 
duct would greatly enhance a ship's combat systems to exploit this feature. 

Additionally, automated ALAPS operation through self-calibration would yield a 
virtually ‘hands-off system, and straightforward data displays, such as false-color 
refractivity profiles, would also contribute to the user-friendliness of the system. Wind 
velocity measurement and electro-optical environment sampling would also be available. 
The growing requirement for an atmospheric sounding system that is in keeping with the 
pace of advancing combat system technology is clear, and LIDAR is a promising 


technology. 
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Figure 4.1 Side View of LAPS unit on USNS Sumner (T-AGS 61) Fant 
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Figure 4.2 Overhead View of LAPS unit on Sumner (T-AGS 61) Fantail 
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Figure 5.1 RMS Difference of Specific Humidity (g/kg) to 2000 m 
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Figure 5.2. Left, RMS of Temperature (C) to 2000 m; 
Right, RMS of Modified Refractive Indez, (M) to 2000 m 
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Figure 5.3 Comparison of 19 Sep 96 MRS and LIDAR data to 2000 m: 
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Figure 5.4 Comparison of 12 Sep 96 MRS and LIDAR data to 2000 m: 
Left, SpecificHumidity, Q (g/kg); Right, Q Differences 
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Figure 5.5 Same as Figure 5.3 for 17 Sep 96 data 
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Figure 5.6 Same as Figure 5.3 for 29 Sep 96 data 
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Figure 5.7 Same as Figure 5.3 for 16 Sep 96 data 
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Figure 5.8 Same as Figure 5.3 for 17 Sep 96 data 
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Figure 5.9 Same as Figure 5.3 for 29 Sep 96 data 
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Figure 5.10 Same as Figure 5.3 for 19 Sep 96 data 
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Figure 5.11 Same as Figure 5.3 for 03 Oct 96 data 
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Figure 5.12 Same as Figure 5.3 for 16 Sep 96 data 
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Figure 5.13 Visible Wavelength Water Vapor Calibration Values 
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